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Equipment m o d i f i c a t i o n s  to a Freon 11 b o i l - o f f  type  
c a l o r i m e t e r  are  des c r i b e d ,  and using the c a l o r i m e t r i c  
system the e n t h a l p i e s  o f  t h iophene were measured e x p e r i ­
m e n t a l l y .  Data were taken over  a t emperature  range of  
100°F to 750°F at  pressures o f  50,  100,  200,  400,  600,  
8 2 5 . 9  ( t h e  c r i t i c a l ) ,  1000,  and 1500 ps i a .  Thermodynamic 
p r o p e r t i e s  de r i v e d  from the data are compared to values in 
the l i t e r a t u r e ,  and the agreement  is e x c e p t i o n a l l y  good.  
The data are then compared d i r e c t l y  to r e s u l t s  c a l c u l a t e d  
by means of  two c o r r e l a t i o n s : a m o d i f i c a t i o n  of  the BWR 
equat i on o f  s t a t e  by Kesl er  and Lee,  and a modi f i ed  SRK 
equat i on of  s t a t e  method.  Both c o r r e l a t i o n s  are  found to 
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INTRODUCTION
As the Uni ted St a t es  and the wor ld a t  l a r g e  become 
i n c r e a s i n g l y  aware o f  our  dwi nd l i ng  pet rol eum resour ces ,  
i t  becomes ever  more obvious and i mp e r a t i v e  f o r  a l t e r n a ­
t i v e  sources of  energy to be discovered and u t i l i z e d .  At  
t h i s  p o i n t  in t i me ,  one o f  the best  prospects i s  c o a l .  
However,  coal  in s o l i d  form cannot  be used In  c e r t a i n  
a p p l i c a t i o n s ;  severa l  processes have t h e r e f o r e  been 
devised to e i t h e r  g a s i f y  or  l i q u e f y  c oa l .
This pr esent  p r o j e c t ,  i n i t i a t e d  by Dr.  Ar t h u r  J.  Kidnay 
and Dr.  V i c t o r  F. Yesavage a t  the Colorado School o f  Mines 
and funded by the Uni t ed St a t es  Department  o f  Energy,
is concerned s p e c i f i c a l l y  w i t h  coal  l i q u i d s ;  measuring c o r ­
r e l a t i n g ,  and a t t e mp t i n g  to p r e d i c t  the e n t h a l p i e s  of  c o a l -  
d e r i ve d  l i q u i d s .  In the years  whi t h  have passed s i nce  
t h i s  p r o j e c t  was begun,  sever a l  c o a l - d e r i v e d  l i q u i d s  have 
been run through a f low c a l o r i m e t e r  system in or der  to 
det ermi ne  t h e i r  en t ha l py  as a f unct i on of  t emper a t ure  and 
pr e s s ur e ,  and subsequent l y  the p r e v a l e n t  c o r r e l a t i o n s  f o r  
p r e d i c t i n g  pet roleum e n t h a l p i e s  were t e s t e d  f o r  a p p l i c a ­
b i l i t y .  I t  was found t h a t  these c o r r e l a t i o n s  did not  p r e ­
d i c t  e n t h a l p i e s  of  coal  l i q u i d s  w e l l ,  and the cause was 
suspected to be the unusua l l y  high p r o p o r t i o n  o f  aromat i c  
and a s s o c i a t i n g  compounds in c o a l - d e r i v e d  l i q u i d s
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as compared to pet rol eum crudes.  Thus,  an a l t e r n a t i v e  
method f o r  c o r r e l a t i n g  and p r e d i c t i n g  e n t h a l p i e s  f o r  coal  
l i q u i d s  has been sought .  To t h i s  end,  numerous pure,  
ar omat i c  compounds have been measured on t h i s  apparat us:  
benzene,  1- m e t h y l n a p h t h a l e n e , m - c r e s o l , 2 , 6 - 1 u t i d i n e ,  
m-xylene and now t h i ophene.  The two c o r r e l a t i o n s  which 
seem to o f f e r  the best  hope o f  success a t  t h i s  t ime are  
the Kes l er  and Lee c o r r e l a t i o n ,  and the Soa v e - Re d l i ch -  
Kwong equat i on  o f  s t a t e .  In t h i s  s t udy ,  measurements of  
e n t h a l p y  f o r  t h i ophene have been taken and compared to 
o t h e r  thermodynamic data e x i s t e n t  f o r  the compound. Then,  
these two c o r r e l a t i o n s  are compared to the data and t h e i r  
a p p l i c a b i l i t y  is e v a l u a t e d .
Due to the phys i ca l  l i m i t a t i o n s  o f  the system,  i t  was 
necessary to choose a compound f o r  t h i s  study whose f r e e z ­
ing p o i n t  is we l l  below 65°F and whose v i s c o s i t y  is low 
enough a t  room t emper a t ur e  t h a t  i t  can be r e a d i l y  pumped 
through the c a l o r i m e t e r .  In a d d i t i o n ,  i t  was hoped to f i n d  
a compound whose c r i t i c a l  t emper a t ure  was below 600°F and 
whose c r i t i c a l  pressure was below 1000 psia  so t h a t  a f u l l  
range of  l i q u i d  and vapor data could be obt a i ned .
Thiophene was chosen b e c a u s e . i t  f u l f i l l e d  a l l  o f  these  
c r i t e r i a ,  and because i t  should be r e p r e s e n t a t i v e  o f  c y c l i c  
s u l f u r  compounds. Al though thiophene i t s e l f  is seldom
T-2386 3
found in c o a l - d e r i v e d  l i q u i d s ,  d e r i v a t i v e s  t h e r e o f  are  
o f t e n  p r e s e n t ,  and t h i o p h e n e ' s behav i or  should be i n d i c a ­
t i v e  o f  these d e r i v a t i v e s .  Thiophene ' s  s t r u c t u r e  is




as 0 . 51  to 0 . 5 5 .  Thus one would expect  i t  to e x h i b i t
#
some degree o f  a s s o c i a t i o n  through d i p o l e - d i p o l e  i n t e r ­
a c t i o n .  I t  was hoped t h a t  by measuring the ent ha l py  of  
th i ophene and comparing the r e s u l t s  w i t h  p r e d i c t e d  v a l ue s ,  
some idea o f  the e f f e c t  o f  t h i s  a s s o c i a t i o n  would be gai ned.
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THEORETICAL BACKGROUND
The system used f o r  t hese measurements is b u i l t  
around a f low c a l o r i m e t e r .  This p a r t i c u l a r  c a l o r i m e t e r  
i s a r e f e r e n c e  b o i l - o f f  t ype u t i l i z i n g  F r e o n - 11 ( t r i c h l o r o -  
f 1uoromethane) as the r e f e r e n c e  f l u i d ,  s ince i t s  b o i l i n g  
p o i n t  is 65° F ,  a pp r o x i ma t e l y  room t e m p e r a t u r e .
By app l y i ng  the f i r s t  law of  thermodynamics (assum­
ing steady s t a t e )  to the f low c a l o r i m e t e r ,  the e n t ha l py  
change of  the sample as i t  passes through the c a l o r i m e t e r  
may be det ermi ned.  In the absence o f  s h a f t  work and heat  
l eaks  and i g n o r i n g  n e g l i g i b l e  changes in k i n e t i c  and p o t e n ­
t i a l  energy,  the f o l l o w i n g  equat i on remains:
( HT , P ^ i n  ‘  ( HT,P^oi i t  M ^ ^
where
{ H j  p ) . j n = e n t ha l py  of  the sample per u n i t  
mass a t  the i n l e t  c on d i t i on s
^HT, P^out  = e n t ha l py  o f  the sample per u n i t  
mass a t  the o u t l e t  c ond i t i ons
Q = heat  removed from the sample
M = mass f low r a t e  o f  the sample 
Thus,  i f  Q and M are measured,  the d i f f e r e n c e  in ent ha l py  
between sample i n l e t  and o u t l e t  c o n d i t i o n s  may be d e t e r ­
mined.
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In or der  to det ermi ne  a c c u r a t e l y  the va lue  o f  Q, the  
sample must be brought  i n t o  c ont ac t  wi t h  the Freon 11 
w i t h i n  the c a l o r i m e t e r .  The Freon is a t  i t s  bubble p o i n t ,  
65°F,  so t h a t  any heat  given up by the sample goes to 
v a p o r i z e  the Freon.  I f  the Freon f low r a t e  i s  s u f f i c i e n t  
so t h a t  no s uper he a t i ng  occurs ,  and i f  the c on t a c t  t ime  
w i t h i n  the c a l o r i m e t e r  is long enough to cool  the sample 
down c ompl e t e l y  ( t o  6 5 ° F ) ,  Q may be determined s imply by 
m u l t i p l y i n g  the l a t e n t  heat  o f  v a p o r i z a t i o n  o f  Freon at  
65°F by the amount o f  Freon v a po r i z e d .  This amount may be 
measured i f  the vapor i zed Freon is i mmedi a t e l y  coo l ed,  
condensed,  and c o l l e c t e d  in a c h i l l e d  c o l l e c t i o n  f l a s k  f o r  
wei gh i ng .  I f  the Freon ob t a i ned  in t h i s  manner and t h e ;  
sample passing through the c a l o r i m e t e r  are c o l l e c t e d  s i m u l ­
taneous l y  and then weighed,  Q and M may be i n s e r t e d  i n t o  
equat i on ( 1 ) and the en t ha l p y  change c a l c u l a t e d  as f o l l o w s :
 ̂HT , P  ̂ i n ■ , P  ̂out  M MF r XFr ^
M
where
Mpr = mass o f  Freon 11 c o l l e c t e d  
^pr = l a t e n t  heat  o f  v a p o r i z a t i o n  o f  Freon 11 
a t  6 5 ° F : 79 . 18  BTU/ lb m
One c o n s t r a i n t  which has been assumed in the above c a l c u ­
l a t i o n s ,  y e t  which should be ment ioned,  i s  t h a t  t he r e  be
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no s i g n i f i c a n t  heat  l eak  i n t o  or out  of  the c a l o r i m e t e r  
or the l i n e  between the i n l e t  t emper a t ure  thermometer  and 
the c a l o r i m e t e r .  Before t a k i n g  any t hi ophene d a t a ,  hep­
tane was run in the system and measurements taken at  a wide  
v a r i e t y  of  f low r a t es  to assure t h i s  was the case.  Even 
so,  some care must be t a ken ,  f o r  i f  the sample f low r a t e  is  
e x t r e me l y  low,  even a smal l  heat  l eak  might  become s i g n i f i ­
cant .  Conver se l y ,  the f l ow r a t e  of  the sample must not  be 
too h i gh ,  or  the r a t e  o f  Freon b o i l - o f f  w i l l  be too l a r g e  
f o r  the system to handl e .  The c a l o r i m e t e r  used in t h i s
study was designed f o r  a sample f l ow r a t e  o f  a pp r o x i ma t e l y
3 330 cm to 60 cm per minute .
By the method descr i bed above,  e n t ha l py  data were taken  
f o r  a wide range of  t emper a t ures  a t  a number o f  i s o b a r s .
The ent ha l py  d i f f e r e n c e  between i n l e t  and o u t l e t  c o n d i t i o n s  
was c or r e c t e d  to o u t l e t  condi tons of  1 atmosphere and 6 5 ° F ,  
the c o n d i t i o n s  a r b i t r a r i l y  s e l e c t e d  as the r e f e r e n c e  p o i n t  
where the e n t ha l py  of  the sample is z e r o .  In the two-phase  
r e g i o n s ,  only the e n t ha l py  of  the o v e r a l l  mi x t ur e  was 
mea s u r e d .
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EXPERIMENTAL EQUIPMENT AND PROCEDURES
Much has been w r i t t e n  on the equipment  o r i g i n a l l y  
b u i l t  f o r  t h i s  p r o j e c t  and on the myr iad of  m o d i f i c a t i o n s  
which have s ince been made. S u f f i c i e n t  i n f o r m a t i o n  may be 
obt a i ned  from the theses by Andrew ( 1 9 7 8 ) ,  McConnel l  
( 1 9 7 6 ) ,  and Sharma ( 1 9 7 7 ) .  The most r ecent  m o d i f i c a t i o n s ,  
which have improved the per formance of  the system markedl y ,  
are  descr i bed in the t hes i s  by G. D. Mohr ( 1 9 8 0 ) .  Opera­
t i n g  procedure is di scussed by Hinman ( 1 9 7 9 ) .
Two equipment  changes have been made subsequent  to 
Mohr 's t h e s i s .  A 500 psig Heise gauge was put  in p lace  of  
a 2THTOpsig Heise gauge on the i n l e t  s i de  of  the system,  
p r o v i d i n g  g r e a t e r  accuracy a t  pressures l ess than 500 ps i g .  
A pr essure  gauge was a l so i n s e r t e d  i n t o  the n i t r o g e n  l i n e  
between the supply b o t t l e  and the pressure r e g u l a t o r  v a l v e .  
This a l l ows a g r e a t e r  degree of  c on t r o l  when s e t t i n g  the  
system pressure by i n d i c a t i n g  more a c c u r a t e l y  the pr essure  
in the supply l i n e .  F i g .  1 shows the f low c a l o r i m e t e r ,  and 
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The t h i ophene was purchased from the A l d r i c h  Chemical  
Company, Inc .  The s p e c i f i e d  p u r i t y  is 99+%, and the p r o ­
p e r t y  s p e c i f i c a t i o n s  are  l i s t e d  as f o l l o w s :  mol e c u l a r
we i ght  8 4 . 1 4 ;  b o i l i n g  po i n t  85°C;np^ = 1 . 5 2 7 8 ;  d = 1 . 0 5 1 .
The c r i t i c a l  p r o p e r t i e s  are T = 5 7 9 . a°K;  P = 56 . 2  atm,c c
from Reid (1977 p. 6 3 9 ) .
Bef ore  beg i nni ng e x p e r i m e n t a t i o n  w i t h  t h i op he n e ,  
numerous runs were made w i t h  n- hept ane ;  a t  154 p s i a ; t h e  
r e s u l t s ,  gi ven in Tabl  e 1:., were compared w i t h  a p l o t  of  
pr ev i ous  measurements made in t h i s  l ab as we l l  as w i t h  
data a t  15 0. p s i a publ i shed in Thinh ( 1 9 7 4 ) .  The e x c e l l e n t  
agreement  i n d i c a t e d  the system was working w e l l .  A l l  t h r ee  
2000 psig Heise pr essure  gauges were checked a g a i n s t  each 
o t h e r ,  and i t  was d i scover ed  t h a t  one was s u b s t a n t i a l l y  in  
e r r o r .  This gauge was shipped back to the f a c t o r y  f o r  
r e c a l i b r a t i o n  and a 500 psig Heise gauge i n s t a l l e d  in i t s  
p l a c e .  The r e s u l t i n g  system conta i ned the 500 psig gauge 
as an i n l e t  gauge,  a 2000 psig o u t l e t  gauge,  and a 2000 
psig gauge used as backup and as an i n l e t  gauge f o r  p r e s ­
sures above 500 ps i g .  F i n a l l y ,  the p l a t i num r e s i s t a n c e  
thermometer  used to measure the sample i n l e t  t e mper a t u r e  
was checked a g a i n s t  one kept  as a r e f e r e n c e ,  and once 





Tabl e  1 
Heptane Enthal py  Check Data
Temperature
279.  2 
302.  3
3 45 . 3
429 . 4  
5 24 . 8  
601.  3
H This  
I nvest i  g a t i  on
124.3
140 . 3  
168 . 0  
321 . 7
382 . 2
4 3 5 . 0
H Previ ous  








Fol l owi ng t h i s  thorough e v a l u a t i o n  of  the system,  
the n-heptane was dr a i ned out  and the system was f l u s h e d ,  
f i r s t  wi t h  benzene,  then w i t h  t h i ophene .  A f t e r  each f l u s h ,  
the e n t i r e  system was purged wi t h  n i t r o g e n .  Only then was 
the system charged wi t h  f r e s h  t h i ophene .
Ent ha 1 p.y Measurements of  Thi  ophene
Enthal py data f o r  t h i ophene were taken over  a range of  
t emperatures f rom 100°F to 750°F along i sobars  of  50,  100,  
200,  400,  600,  82 5 . 9  ( t h e  c r i t i c a l ) ,  1000,  and 1500 ps i a .
The o u t l e t  e n t h a l p i e s  were c o r r e c t e d  to 65°F using a l i q u i d  
heat  c a p a c i t y  f o r  th i ophene of  0 . 3 0  BTU/ l bm° F ,  which was 
obt a i ned  from Fig.  2. This c o r r e c t i o n  never  amounted to 
more than 0 . 26  BT U/ l bm. The o u t l e t  pressure was c or r e c t e d  
to 1 atmosphere using the Kes l er  and Lee c o r r e l a t i o n  ( 1 9 7 5 ) :
(H - H* )  (H - H * ) °  (H - H* ) 1
RT RT u RTc c c
These c o r r e c t i o n s  are  t a b u l a t e d  wi t h  the da t a ,  and
never  exceeded 2 . 73  BTU/ lb .m
Two problems which occurred dur ing the process of  
d a t a - t a k i n g  should be ment ioned here.  F i r s t ,  the low . 
t emper a t ure  data po i n t s  ( those  below 100°F)  are not  
r e l i a b l e .  To o b t a i n  any Freon f l o w ,  the pump governing  
the sample f l ow r a t e  had to be o p e r a t i n g  near  i t s  maximum 
c a p a c i t y .  Even so,  the Freon f low was so smal l  t h a t  i t
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was h i g h l y  s u s c e p t i b l e  to smal l  pressure  bui l dups in the  
Freon system (due to v a p o r i z i n g  F r e on) ,  and was t h e r e f o r e  
somewhat i r r e g u l a r .  C o n s u l t a t i o n  w i t h  prev i ous e x p e r i ­
menters conf i rmed t h i s  to be unavoi dabl e  at  such low 
t e mp er a t u r e s .  Second,  in the midst  o f  t a k i n g  the 600 psia  
d a t a ,  the system began e x h i b i t i n g  d r a s t i c  t emper a t ure  
i n s t a b i l i t y .  A f t e r  checking the f i n a l  he a t e r  and i t s  con­
t r o l  system f o r  i r r e g u l a r i t i e s ,  i t  became apparent  t h a t  the  
problem r es i ded  in a f l u c t u a t i n g  f low r a t e  r a t h e r  than in  
any p a r t  of  the hea t i ng  system.  The diaphragms in the  
dua l - d i aphr agm pump, and the check valves a t t a c he d  t h e r e t o ,  
were r e p l a c e d .  The t emper a t ur e  problem was t her eby  reme­
d i e d ,  so the 600 psia vapor  and two-phase data were re t aken  
wi t h  a f resh charge of  t h i ophene .  This 600 psia i sobar  
shows more c u r v a t u r e  above and below the two-phase regi on  
than any o f  the lower  i s o b a r s ,  so severa l  po i nt s  a t  lower  
pr e s s u r e s ,  both l i q u i d  and vapor ,  were taken to d i s c ov er  
i f  the system had somehow changed i t s  b e h a v i o r .  A f t e r  
prov i ng s a t i s f a c t o r i l y  t h a t  such was not  the case,  i t  is  
f e l t  t h a t  t h i s  c u r v a t u r e  is s impl y  due to the i m p u r i t i e s  
in the sample which a f f e c t  the e n t ha l py  to a g r e a t e r  
e x t e n t  as the pressure and t emper a t ur e  approach? the  
c r i t i c a l  v a l u e s .  Wi th these two e x c e p t i on s ,  l i t t l e  d i f ­
f i c u l t y  was encountered in the d a t a - t a k i n g  process.
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The exper i ment a l  data obt a i ned  are presented in  
Tables 2 through 9,  and are a lso d i s p l a yed  g r a p h i c a l l y  
in F i g .  2.  Previous exper i ence  wi t h  t h i s  system as noted 
in Hinman ( 1 9 7 9 ) ,  i n d i c a t e s  t h a t  the e r r o r  in the en t ha l py  
data is l ess than 1% of  the measured AH a t  any t emper a t u r e .  
The temperatues are a c cur a t e  to w i t h i n  ±0 . 1  ° F .  Pressures  
below 500 ps i a  are a c cur a t e  to w i t h i n  ±0 . 5  p s i a ,  and above 
500 are  ac c ur a t e  to w i t h i n  ±2 . 0  p s i a .  From these da t a ,  
sever a l  compar isons,  c r o s s p l o t s ,  and c o r r e l a t i o n s  may be 
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o X NO O O Ĉ  On CN-NO M"\ cn̂ }- o  ON NO CM O 00

















-Q LU cd -pas •H 0















£  X  CM CM CM CM .c* CM C M -j- -= t  - 3 - ^  ^  ^
o  pH
•  • • • • • • • • * • • • • • • •
£> o o o o o o o o o o o o o o o o o
0  EH





CN-J- CN.VO C^NO^t 00 ON O  C^CM VJ'N O- CM *A nO
• • • • • • • • • • • • • • f t *
On On CN-no CM C * '^  O  QnUNCM O  00 
Cn On O  CM UN O  ON UN NO tNCO O  -rH ONUN O- O- 
H H H (M CMCMCMCMCMONONrNONrNCN
^}-OOOOOOOOOOOOOOOOOOCO C^OO CO CO rH 0O
cm CM onc^onunononunununnono-3- -3- uNjj- 
C O C O O O O O O O C O O O C O C O O O O O C O C O C O C O O O O O
UN-d- NO UNjj- UNnO C ^ C ^ IA H  00 CM CO CN-OnO
CD rH O  O  ON ONOO ON on O  O  o  ON o  O  CO On O  ON
£  £  O O O n On On On On O O O O n On O O n On O O v
X u  C M C M H H H H H C M C M C M H H C M H H C M H
0
-Pq no no Cn 'A ISNO rwo 4- NO !N4- (X) H o  o£ v ^
£ On NO UNOO X  cm ONONnO O ONtH CS-Ĵ - CM ON 00
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T - 2386 24
COMPARISON OF THIOPHENE MEASUREMENTS 
WITH EXPERIMENTAL LITERATURE VALUES
Al though t her e  i s  a s i g n i f i c a n t  amount o f  data in the  
l i t e r a t u r e  d e a l i n g  w i t h  t h i ophene ,  none o f  i t  is ac t ua l  
e nt ha l p y  da t a .  I n s t e a d ,  t h e r e  is an abundance of  heat  
c a p a c i t y ,  heat  o f  v a p o r i z a t i o n ,  v i r i a l  c o e f f i c i e n t ,  and 
vapor pr essure  d a t a ,  but  most o f  i t  a t  lower  temperatures  
than those o f  t h i s  s t udy .  A comparison o f  l i t e r a t u r e  values  
wi t h  der i ved  val ues f rom these data w i l l  i n d i c a t e  the q u a l ­
i t y  of  the dat a .
Entha1py Cr o s s - P I o t
A f t e r  f i t t i n g  the vapor  phase i s o b a r i c  en t ha l py  data
2
to the expr ess i on H = a + bT + cT , where a ,  b, and c are  
c o n s t a n t s ,  i sot her mal  c r o s s - p l o t s  of  the data were c o n s t r u c ­
ted in Fi gure  3 f o r  t emperatures  ranging from 400°F to 
750°F in increments o f  50°F.  Er r o r  bars i n d i c a t i n g  a 1% 
e r r o r  in the e n t ha l py  are  i nc l uded on the p l o t .  Since  
Fi gur e  3 is a c r o s s - p l o t  of  values es t i mat ed  by a l e a s t -  
squares f i t  o f  the da t a ,  the expected s c a t t e r  in the data  
should i n c r e a s e .  Such is the case:  the values a t  50 psia
are  high r e l a t i v e  to the h i gher  p r es s ur es ,  causing an 
upward c u r v a t u r e  in the i sotherms of  F i gur e  3.  This should 
not  be t r u e .  Thiophene can be r epr e se n t e d  wi t h  the v i r i a l  
equat ion^ a t  lower  pressures a l l  v i r i a l  c o e f f i c i e n t s  beyond 







at  const ant  T should be a s t r a i g h t  l i n e  in t h i s  r e g i o n .  I f  
s t r a i g h t  l i n e s  are f i t t e d  to the data po i nt s  below 600 p s i a ,  
as is done in F i gur e  3,  the slope of  the r e s u l t a n t  l i n e s  
f o l l o w  the same t r end as the v i r i a l  equat i on i n d i c a t e s ,  but  
wi t h  s t e e p e r  ne g a t i v e  s l opes .  The s t eeper  s lope is  most  
l i k e l y  due to using h i gher  pressure  poi nt s  (100 psia  to 600 
ps i a )  to a r r i v e  a t  a slope,  i ns t ead  of  the 50 psia to 200 psia  
p o i n t s .  The low pressure  poi nt s  obv i ous l y  cannot  be e x c l u ­
s i v e l y  used s i nce  the 50 psia points  are c o n s i s t e n t l y  high.
A comparison between the c a l c u l a t e d  and observed slopes  
is present ed in Table  10.  The columns marked "Calc .  1" 
and "Cal c .  2" are both c a l c u l a t e d  by means o f  the v i r i a l  
e q u a t i o n ,  but the former  uses P i t z e r ' s  general  c o r r e l a t i o n  
f o r  the v i r i a l  c o e f f i c i e n t  and i t s  d e r i v a t i v e s  as given in 
Smith and Van Ness ( 1 9 7 5 ) ,  w h i l e  the l a t t e r  uses the c o r ­
r e l a t i o n  f o r  the th iophene v i r i a l  c o e f f i c i e n t  o f f e r e d  by 
Waddington e t  a l . ( 1 9 4 9 ) .  A d i scuss i on o f  these c a l c u l a ­
t i o n s  is given in Appendix A.
As f u r t h e r  check on these da t a ,  the s t r a i g h t  l i n e s  of  
the isotherms were e x t r a p o l a t e d  back to zero pressure and 
the e n t ha l py  d i f f e r e n c e  between each i sot herm and the 400 
° F i s o t h e r m c a l c u l a t e d .  These values are  given in Tabl e  11,  
along wi t h  the same q u a n t i t i e s  c a l c u l a t e d  using the i dea l  
gas heat  c a p a c i t y  expr ess i on from Reid e t  a l .  ( 1977 ,  pp.











°F Calc. 1 Calc. 2
400.0 0.8243 -0.034 -0.042
450.0 0.8723 -0 .0 3 2 -0.037
5 0 0 .0 0 .9 20 2 -0 .0 2 9 -0.034
550.0 O.9 6 8I -0.027 -0 .0 3 1600.0 1.016 -0.026 -0 .0 2 9
650.0 1.064 -0.024 -0.028
7 0 0 .0 1.112 -0.022 -0.026
750.0 1 .1 6 0 -0.021 -0 .0 2 5
( BTU  ̂ ) 
psia)
Observed
-0.051-0 .0 4 5
-0.042
-0.040
-0 .0 3 3
-0 .0 3 1
-0.028
- 0 . 0 2 6
TABLE 11
THIOPHENE ENTHALPY DIFFERENCES BETWEEN VARIOUS 
TEMPERATURES AT ZERO PRESSURE
Temperature (H„ - H,.nnL  1r, (H - H,00)
CF
T ~ 400'calc v T ” 400'obs
BTU/lbm BTU/lbm
450.0 16.1 16.1
5 0 0 . 0 3 2 . 8 32.3
5 5 0 .0 50.1 5 0 .0
6 0 0 . 0 6 8 . 0 66.9
6 5 0 . 0 86.5 88.3
7 0 0 .0 105.4 106.8
7 5 0 .0 124.8 126.6
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629,  6 40 ) .  The observed values d e v i a t e  no more than ± 2% 
f rom those c a l c u l a t e d .
Vapor Pres sure
Due to the presence of  i m p u r i t i e s  in the sample,  the  
two-phase data a t  each i s oba r  do not f a l l  on a t r u l y  v e r t i ­
cal  l i n e .  I n s t e a d ,  each two-phase r eg i on covers a span of  
severa l  degrees.  In or der  to ob t a i n  the b o i l i n g  p o i n t ,  
the temperature  at  the top and bottom o f  each two-phase  
r eg i on  were averaged.  The r e s u l t s  should be acc ur a t e  to 
w i t h i n  ± 0.5%.  These t emperatures  were conver t ed to °R,  
and a p l o t  o f  log P ( t h e  system pressure  a t  t h a t  i s o b a r )  
vs 1/T was made. On the same p l o t ,  data from the American 
Pet roleum I n s t i t u t e  Research P r o j e c t  44 (1953)  and from 
Waddington e t  al  ( 1949)  were e n t e r e d .  The data are given  
in Tabl e  12,  and the r e s u l t i n g  graph in Fi gure  4.  The 
f i g u r e  i l l u s t r a t e s  how c l o s e l y  the data o f  t h i s  study c o r ­
r e l a t e  w i t h  those of  the o t h e r  two sources.  A s t r a i g h t  l i n e  
c onst r uc t ed  through a l l  the data r ev e a l s  very l i t t l e  s c a t t e r  
among the data s e t s .
Heats of  V a p o r i z a t i o n
The i m p u r i t i e s  in the sample are much more n o t i c e a b l e  
when a t t e m p t i n g  to c a l c u l a t e  heats o f  v a p o r i z a t i o n .  For 
the h i gher  pr e s sur e s ,  i t  i s o f t e n  d i f f i c u l t  to determine  







266.8 1.377 5 0 .0 1.699
323.5 1.277 100.0 2.000392.8 1.173 200.0 2 .3 0 1477.1 1.068 400.0 2.602
532.9 1.008 600.0 2.778583.2 0.9589 825.9 2.917
183.5 1.555 14.70 1.167170.0 1.588 11.60 1.064
200.0 1.516 19.32 1.286
2 3 0 .0 1.450 30.56 1.485194.0 1.530 17.52 1.244204.6 1.506 20.78 1.318
215.3 1.482 24.52 1.390226.0 1.459 28.79 1.459
2 3 6 .8 1.436 33-66 1.527
247.7 1.414 39.18 1.593
Source
This Investigation
Reid et  al (1977, p. 639)
API Proj.  44 (1953, Table 114a-E) 
API Proj.  44 (1953, Table 114K-E)















API PROJ. 4 4 , v.
API PROJ. 4 4 , v. 5
WADDINGTON, ET AL.
2.00
O  CRITICAL POINT
1.50
1.00
.90 1.20 1.40 1.601.00
l /T  (X  I05 •R’ 1)
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f o r  the 600 psia i s o b a r ,  the top of  which is p a r t i c u l a r l y  
curved,  the heat  o f  v a p o r i z a t i o n  was c a l c u l a t e d  from the 
d e f i n i t e  d i s c o n t i n u i t y  in the l i q u i d  phase to the i n t e r ­
s e c t i o n  of  the measured vapor and two-phase l i n e s .  No 
a t t e mp t  was made to square o f f  the vapor corner  by e x t r a p o ­
l a t i o n  o f  the vapor phase da t a .  The i n a c c u r a c i e s  i n h e r e n t  
in so doing would not  improve the r e s u l t s .  Once a g a i n ,  the  
heats o f  v a p o r i z a t i o n  obt a i ned  were t a b u l a t e d  and p l o t t e d ,  
along wi t h  a v a i l a b l e  data from API Research P r o j e c t  44 
( 1953)  and Waddington e t  al  ( 1949)  in Tabl e  13 and Fi gure  
5. A ni ce  smooth curve is formed,  a l t hough here the margin 
f o r  e r r o r  is much g r e a t e r ,  from ± 2% a t  50 psia  to as much 
as ± 5% f o r  the 600 ps i a  v a l ue .  Er r o r  bars in Fi gure  5 
i n d i c a t e  these e r r o r  ranges.
Vapor Phase Heat  Capaci  ty
The equat i ons generat ed by the p r e v i o u s l y  ment ioned  
l e a s t - s q u a r e s  f i t  o f  the vapor phase ent ha l py  data are  
shown in Table  14. The d e r i v a t i v e  of  each second or der  
e quat i on  was taken in or der  to o b t a i n  an e qua t i on  f o r  Cp. 
The heat  c a p a c i t y  was then c a l c u l a t e d  a t  s e l e c t e d  t empera­
t ures  f o r  each vapor i s o b a r ,  and the r e s u l t s  as shown in 
Tabl e  15 p l o t t e d  as a f u n c t i o n  o f  pressure in F i gur e  6.  
Since the heat  c a p a c i t y  values are s lopes o f  f i t t e d  cur ves ,  
they  are  none too a c c u r a t e ;  the e r r o r  is es t i ma t ed  a t  ± 5%.
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THIOPHENE VAPOR PHASE ENTHALPY EQUATIONS GENERATED 
BY LEAST-SQUARES FIT OF EXPERIMENTAL DATA
Pressure Equation
psia T in °F
50.0 150.48823 + O.23961362T + 0.10?48985xl0"^Tp
100.0 1^3.33750 + 0.25273997T + 0.10044471xl0”<Tp200.0 151.12955 + 0.20054828T + 0.15429498x10"
400.0* 150.17810 + 0.17919840T + 0.17285l62xl0"^Tp600.0** 131.04918 + 0.21652675T + 0. 14935554x 10--3T
* Runs numbered 164, 165» and 120 were not used to
generate the vapor enthalpy curve due to their
proximity to the two-phase region.
** Runs numbered 126, 113» and 127 were not used to
generate the vapor enthalpy curve due to their
proximity to the two-phase region.
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THIOPHENE
TABLE 15 
HEAT CAPACITY ESTIMATES FROM SLOPE OF
LEAST-SQUARES FIT OF VAPOR ENTHALPY DATA
iperature Pressure CP
°F psia BTU/lbm '
350.0 5 0 . 0 0.315
10 0 .0 0.323
4 5 0 . 0 5 0 . 0 0.336
1 0 0 .0 0.3^3
2 0 0 . 0 0.346
5 2 0 . 0 5 0 . 0 0.351• 1 0 0 . 0 0.357
2 0 0 . 0 O.3 6I
400.0 0.359
6 0 0 . 0 5 0 . 0 0.369
1 0 0 . 0 0.373
2 0 0 . 0 0 .386
400.0 O . 387
6 0 0 . 0 O . 396
7 0 0 . 0 5 0 . 0 O.39O
1 0 0 .0 0.393
2 0 0 . 0 0.417
400.0 0.421














































As an a i d  in f i t t i n g  a curve to t h i s  d a t a ,  the d e r i v a t i v e  
of  Cp w i t h  r es pe c t  to pr essur e  a t  const ant  t emper a t ure  was 
c a l c u l a t e d  using the v i r i a l  equ a t i o n .  The values c a l c u l a t e d  
in t h i s  manner were used to e s t i ma t e  the i n i t i a l  s lope of  the  
l i n e s  f i t t i n g  the da t a .  These l i n e s ,  as we l l  as the c a l c u ­
l a t e d  i n i t i a l  s lope and i dea l  gas values from the l i t e r a ­
t u r e  are i n d i c a t e d  in  Fi gure  6.  Tabl e  16 provi des the  
i n i t i a l  slopes as c a l c u l a t e d  wi t h  the v i r i a l  e q u a t i o n ,  as 
be f or e  using both c o r r e l a t i o n s  f o r  the v i r i a l  c o e f f i c i e n t .
Once more,  the s p e c i f i c  c o r r e l a t i o n  f o r  t hiophene works 
much b e t t e r  than the general  one.  The d e r i v a t i o n  of  the  
v i r i a l  formula o f  the sl ope is provi ded in Appendix B. The 
e r r o r  in the z e r o - p r e s s u r e  heat  c a p a c i t i e s  e x t r a p o l a t e d  
in F i gur e  6 should be no l ess than ±5%, and when these i dea l  
gas heat  c a p a c i t i e s  are compared wi t h  the e x t e n s i v e  data  
o f f e r e d  by El -Sabban e t  al  ( 1 9 7 0 ) ,  Hubbard e t  al  ( 1 9 5 5 ) ,  
and Waddington e t  al  (194 9 ) ,  and wi t h  the equat i on put  f o r t h  
by Reid e t  al  ( 1 9 7 7 ,  p. 6 2 9 ) ,  the data from t h i s  study is 
found to f a l l  w i t h i n  ±2% of  the l i t e r a t u r e  va l ues .  This is 
e s p e c i a l l y  good,  given the f a c t  t h a t  heat  c a p a c i t i e s  were  
not  measured d i r e c t l y  in t h i s  s t udy.  Tabl e  17 and F i gur e  7 
i n d i c a t e  the i de a l  gas heat  c a p a c i t y  data from t h i s  study  
and from the l i t e r a t u r e .
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TABLE 16
EFFECT OF PRESSURE ON THIOPHENE IDEAL GAS 




4 5 0 . 0
5 2 0 .0
6 0 0 .0
7 0 0 . 0
/I2£ ( BTU )
__________ lap I m (lbm °F psia)
Calc. 1 Calc. 2











THIOPHENE IDEAL GAS HEAT CAPACITIES
Temperature 'P (lb™ °F)O p This Inv. El-Sabban Hubbard Wadding­
ton
Reid
3 5 0 .0 0.307 0 .3 0 1
4 5 0 .0 O .332 0 .3 2 8
5 2 0 .0 0 .3 4 7 0.345
6 0 0 .0 0 .3 6 7 0.363
7 0 0 .0 0 .3 9 1 O .383
3 2 .0 0 .1 8 9
0 .2 0 67 6 .8 0.207 0.207
80.4 0.208 0.208 0.208
260.4 0.274 0.274 0.273440.4 0 .3 2 6 0 .3 2 6 0 .3 2 6
620.4 0.367 O .368 O .368800.4 0.399 0.401 0.401
9 8 0.4 0.426 0.428 0.427
1160.4 0.447 0.451 0.450
1340.4 0.466 0.470 0.470
159.5 O .238 0 .2 3 8208.6 0 .2 5 6 0 .2 5 6
264.5 0.275 0.275
325.6 0.294 0.294











□  WADDINGTON, ET AL. 1948
A  WADDINGTON, ET AL. 1955
_  REID, ET AL. CALCULATED 
O  EL-SABBAN, SCOTT
__ ESTIMATED ERROR LIMITS.25
.20
200 400 12006 00 800 1000 1400
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Entha l py  C o r r e l a t i o n s
The major  purpose in s t udy i ng  c o a l - d e r i v e d  l i q u i d s  i
w i t h  t h i s  apparat us  is to evolve  a c o r r e l a t i o n  which can 
p r e d i c t  f a i r l y  a c c u r a t e l y  the en t ha l py  o f  such compounds.  
The two major  c o r r e l a t i o n s  which seemed most promising  
bef or e  t h i s  study were the Kes l er  and Lee c o r r e l a t i o n  
( 1975)  based on a modi f i ed  Benedict -Webb-Rubin equat i on  
of  s t a t e ,  and a c o r r e l a t i o n  u t i l i z i n g  the S o a v e - R e d l i c h - 
Kwong equa t i on  o f  s t a t e .  The Benedi ct -Webb-Rubin equat i on
i s 9
DT B RT - A - C / T  bRT - a , _n _ RT o o o + + aa
v 9 * «V V V
ovn l l(1 + - J - )  exp■ 9 9 \ p
V T V V
where Aq , Bq , CQ, a,  b, c,  a ,  and y are  constants
f o r  the f l u i d  o f  i n t e r e s t .  The Soave-Redl ich-Kwong equa­
t i o n  is
p  =  K L _  a
K V-b V(V+b)
where V is the molar  volume and
a = a ( T c ) a
where ~ P
R T^
a (T ) = 0 . 42747  c
C Pc
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a = (1 + m (1-Tr)0*5)2
m = 0 . 4 8 0  + 1.574a) - 0.  176a)2
RT
b = 0 . 08664 P c
A copy o f  t h i s  second comput er - a i ded method is found in  
Appendix C. Both methods f o l l o w  the same procedure:  ( 1 )
c a l c u l a t i o n  o f  the e n t ha l py  de p a r t u r e  from the r e a l  s t a t e  
a t  the r e f e r e n c e  s t a t e  ( 65°F  and 1 atmosphere)  to the i dea l  
gas s t a t e  a t  65°F;  ( 2 )  c a l c u l a t i o n  o f  the ent ha l py  change 
w i t h i n  the i de a l  gas s t a t e  from 65°F to the t emper a t ur e  
of  i n t e r e s t ;  ( 3 )  c a l c u l a t i o n  o f  the e n t ha l py  d e p a r t u r e  from 
the i de a l  gas s t a t e  a t  the t emper a t ure  of  i n t e r e s t  to the  
r e a l  s t a t e  a t  the t emper a t ur e  and pressure  o f  i n t e r e s t .
Step 2 is accompl ished in the same manner wi t h  both c o r r e l a -  
t  i o n s , by u t i l i z i n g  the i dea l  gas heat  c a p a c i t i e s .  Steps 1 
and 3 are accompl ished by c a l c u l a t i n g  the e n t ha l py  de p a r t u r e  
using on one hand the Kes l er  and Lee c o r r e l a t i o n  based on 
cor respondi ng s t a t e s  and on the o t h e r  the Soave-Redl ich-Kwong  
e qua t i on  o f  s t a t e .  The necessary parameters f o r  using these  
two methods were obt a i ned from Reid e t  a l . ( 1 9 7 7 ) :  mo l ec u l a r  
w e i g h t ,  c r i t i c a l  t e mp e r a t u r e ,  c r i t i c a l  p r e ss ur e ,  a c e n t r i c  
f a c t o r ,  and i de a l  gas heat  c a p a c i t i e s .
Enthal py  values were c a l c u l a t e d  using both methods a t  
i n t e r v a l s  of  100°F f rom 100°F to 700°F f o r  each i s o b a r  on 
which exper i ment a l  data were t aken .  The r e s u l t s  of  these
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c a l c u l a t i o n s  are  compared wi t h  values obt a i ned  from the  
smooth curves f i t t e d  to the exper i ment a l  data (see F i gur e  
2) in Tab l e  18.  Close study o f  t h i s  t a b u l a t i o n  y i e l d s  
some d i s t i n c t  p a t t e r n s .
Both the Soave-Redl i ch-Kwong and the KesJer and Lee 
methods gi ve  e x c e l l e n t  p r e d i c t i o n s  in the l i q u i d  phase,  
p r e d i c t i o n s  f a l l i n g  w i t h i n  ±5% o f  measured va l ues .  Vapor  
e n t h a l p i e s  f a l l  p r edomi na t e l y  w i t h i n  ±1% of  measured va l ue s ,  
wi t h  two no t ab l e  e x c e p t i o n s .  F i r s t ,  a t  the c r i t i c a l  p r e s ­
sure and above,  both methods begin to f a l l  s i g n i f i c a n t l y  
below measured va l ues:  more than 1.5% at  600°F and 825 . 9
psi a  to a lmost  3% at  700°F and 1000. p s i a .  Even so,  t h i s  is  
not  f a r  beyond the accuracy l i m i t s  of  the da t a .  Second,  
the en t ha l py  val ues c l ose  to the two-phase regions are  
p r e d i c t e d  somewhat lower  in the l i q u i d  phase and somewhat  
h i g he r  in the vapor  phase a t  l ower  p r es s ur es ,  and j u s t  the  
r eve r s e  a t  h i gher  p r essur es .  This is most l i k e l y  due to the  
i m p u r i t i e s  in the t h i ophene s e r v i n g  to "round o f f "  the c o r ­
ners of  the two-phase r e g i o n s .  Tabl e  19 present s  a com­
par i son between v a p o r i z a t i o n  t emperatures  and heats o f  v apor ­
i z a t i o n  f o r  pressures below the c r i t i c a l  as measured in 
t h i s  study and as c a l c u l a t e d  wi t h  the SRK e q u a t i o n .  The 
d i f f e r e n c e  in b o i l i n g  poi nt s  is l ess than 1 . 8 ° F  in any 
i n s t a n c e ,  and the heats of  v a p o r i z a t i o n  are w i t h i n  ±4% at  
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1 0 0 .0 L 1 1 .2 11 .6 12 .1
2 0 0 .0 L 46.7 46.7 48.6
3 0 0 .0 V 2 3 1 .8 2 3 2 .2 231*7400.0 Y 262.7 2 6 2 .8 2 6 2 .8
5 0 0 .0 V 297.9 295.9 2 9 6 .2
6 0 0 .0 V 334.2 331 'b 331.9
7 0 0 .0 V 371.2 369.0 369*6
1 0 0 .0 L 1 1 .2 11.7 12 .2
2 0 0 .0 L 46.7 46.8 48.7
3 0 0 .0 L 8 9 .O 86.4 8 8 .6
400.0 V 2 6 0 .1 2 6 0 .3 259.7
5 0 0 .0 V 294.3 293.9 294.0
6 0 0 .0 V 331.4 3 2 9 .8 330.1
7 0 0 .0 V 369.1 367.6 3 6 8 .1
1 0 0 .0 L 1 1 .2 11.9 12.4
2 0 0 .0 L 46.7 46.9 48.8
3 0 0 .0 L 8 8 .3 86.5 88.7400.0 V 2 5 6 .6 25^.5 2 5 2 .6
5 0 0 .0 V 288.9 289.5 288.9
6 0 0 .0 V 326.9 3 2 6 .2 326.3
7 0 0 .0 V 3 6 5 .8 364.6 365.1
1 0 0 .0 L 1 1 .2 12.4 12.7
2 0 0 .0 L 46.7 ^7.3 49.1
3 0 0 .0 L 8 8 .3 8 6 .7 8 8 .9400.0 L 1 2 9 .8 131.5 132 .3
5 0 0 .0 Y 281.7 2 7 8 .2 275.5
6 0 0 .0 V 320.3 3 1 8 .2 317.7
7 0 0 .0 V 359.7 358.3 358.6
1 0 0 .0 L 11 .2 1 2 .8 13.1
2 0 0 .0 L 46.7 47.6 49 .4300.0 L 8 8 . 3 8 6 .8 89.1400.0 L 1 29 .8 1 3 1 .2 132.3
5 0 0 .0 L 180.9 184.2 181.9
6 0 0 .0 V 3 1 3 .8 307.8 306.5





































1 1 .2 13.3 13-546.7 48.0 49 .8
88.3 87.1 89 .4
1 2 9 .8 1 3 1 .0 132.3
180.9 182 .2 1 8 0 .0
292.9 288.3 285.7
348.6 341.7 341.5
1 1 .2 1 3 .6 1 3 .8
46.7 48.3 5 0 .1
8 8 .3 87.2 8 9 .6
1 2 9 .8 130.9 132.4
180.9 181.1 179.5258.4 251.0 245.8
342.9 333.1 332.111.2 14.7 14.7
46.7 49.2 50.9
8 8 .3 87.8 9 0 .2
1 2 9 .8 130.8 1 3 2 .6
177.8 179.0 178 .6




THIOPHENE BOILING POINTS AND 
HEATS OF VAPORIZATION
Temperature H _ H-, . . , AHvapor liquid vap
F BTU/lbm BTU/lb BTU/lb^
5 0 .0 psia
This Inv. 266.8 221.8 74.3 147.5
SRK 267.2 222.7 70.5 152.2
1 0 0 .0 psia
This Inv. 3 2 3 .5 2 3 5 .8 97.2 13 8 .6
SRK 325.3 2 3 6 .6 95.2 141.4
200.0 psia
This Inv. 3 9 2 .8 2 5 3 .7 1 2 7 .7 126.0
SRK 394.4 252.4 127.1 125.3
400.0 psia
This Inv. 477.1 273.8 1 6 7.6 106.2
SRK 477.5 268.9 170.4 9 8 .5
6 0 0 .0 psia
This Inv. 532.9 280.4 19 8 .7 81.7
SRK 533.9 275.3 205.2 70.1
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hi gher  pr essur es .  The g r e a t e r  e r r o r s  in the p r e d i c t e d  
values a t  the h i gher  pressures are  not  s u r p r i s i n g ,  given  
the  a b o v e - i 11 u s t r a t e d  i ncr eased e r r o r  in ent ha l py  values  
a t  h i gher  pressures e x h i b i t e d  by the c o r r e l a t i o n .
Di scussi on
In g e n e r a l ,  l i t t l e  d i f f i c u l t y  was encountered in 
o b t a i n i n g  e n t ha l py  data f o r  t h i ophene .  The onl y  e q u i p ­
ment problems which occurred were the p r e v i o u s l y  discussed  
pump ma l f u n c t i o n  and o c c a s i o n a l l y y f i h d i n g  coke bu i l dup  
around the f i n a l  h e a t e r .  The pump f a i l u r e  came as no s u r ­
p r i s e  s i nce  the check va lves had not  been r ep l aced in more 
than one y e a r ,  and the diaphragms f o r  a much l onger  per i od  
o f  t i me .  Coke f o r ma t i on  around the :f i n a l  hea t er  has t r o u b l e d  
a l l  who have worked wi t h  t h i s  equipment  due to the narrow 
c l e a r a n c e  between the he a t i ng  element  and the i nner  w a l l s  
of  the s u r r o u n d i n g t u b i n g . This narrow c l ea r ance  is neces­
s a r y ,  however,  to assure even h e a t i ng  o f  the sample p r i o r  
to i t s  ent r ance  i n t o  the c a l o r i m e t e r .
These problems did not  have any nega t i v e  e f f e c t  on the  
data r ep or t ed  in t h i s  s t udy.  At the f i r s t  s ign o f  pump 
i r r e g u 1 a r i t i e s  or  pressure  drop due to coke f o r m a t i o n ,  the  
system was shut  down and the anomaly r e p a i r e d .  In the case 
of  the pump, e x t e n s i v e  data were r e t aken  in or der  to assure  
t h a t  the problem had not  gone unnot iced f o r  any per i od  of  
t  i me.
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CONCLUSIONS
The e x c e l l e n t  agreement  between the q u a n t i t i e s  
measured in t h i s  study and those r ep or t ed  in the l i t e r a t u r e  
bode we l l  f o r  t h i s  system and f o r  the exper i ment a l  p r oce ­
dure employed.  The i n c r e d i b l e  agreement  in the area of  
vapor pressures between the h i g he r  t emper a t ur e  data o f  t h i s  
study and the lower  t emper a t ur e  measurements a v a i l a b l e  in 
the l i t e r a t u r e  f rom severa l  sources in e s p e c i a l l y  g r a t i f y -  
i ng .
Just  as s i g n i f i c a n t  is the very good agreeement  between 
measured e n t h a l p i e s  and those p r e d i c t e d  by the two c o r r e l a ­
t i o n s .  So f a r ,  these methods have proven q u i t e  successf ul  
except  f o r  compounds which have a high l e v e l  of  a s s o c i a ­
t i o n ,  such as m - c r e s o l . Thus the c o r r e l a t i o n a l  development  
i s not  complete a t  t h i s  p o i n t ,  f o r  i f  i t  w i l l  not  work 
adequa t e l y  f o r  c e r t a i n  pure compounds i t  w i l l  probabl y  not  
be too successf ul  f o r  some c o a l - d e r i v e d  l i q u i d s .  I t  is 
hoped t h a t  the data pr esent ed in t h i s  study w i l l  a id in the  
development  o f  a c o r r e l a t i o n  which w i l l  be successf ul  f o r  
p r e d i c t i n g  the e n t h a l p i e s  of  a l l  c o a l - d e r i v e d  l i q u i d s .
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Begin with the complete expression for dH
dH = CpdT + (V - T/jm )dP
\3T/p
At constant T this becomes
j 3H\ = V - T / 3V\
V,3P/T \ 3 T / p
We therefore need an expression for V. For this we will 
use the virial equation:
PV = a(l + B'P + C’P2 + . . . )
where a = RT. For low pressures, this may be truncated to 
two terms, and utilizing the compressibility factor Z
Z = PV = l + B ' P
Then,  s u b s t i t u t e  the appr ox i mat i on  r e l a t i o n  B1 = B/RT
Z = PV = 1 + BP
RT
RT RT
Solving for V yields




Since B is independent of P




P i t z e r ' s  c o r r e l a t i o n  fn Smith and Van. Ness ( 1975 ,  p 87)  
r e p r e s e n t s  B as RT ,
B = p- C' (B + wB1) 
c
and M, M. Abbot t  expresses B° and B' as f o l l o w s :
B° = 0.083 - 0.4-22 B1 = 0.139 - 0.172
m 1 . 6  T k . 2
r r
Then
dB = RT_ f d B °  + u; dB1 
dT p- 
c




/-0.422T \dB° = d_/-0.4- 1,6 = 0.675T 1,6 
dT dT( - j i . 6 c ;  - 276- -
1 Ll  2  Ll  2dB = d__/-0.1?2T \ = 0 0 722T ’
dT dTl —  C ' C• 2 /  rp5 • 2
Therefore
dB = RT /0.675T 1 , 6  + 0.722^T ^ %2
j  rn  C j __________ C_____ _____  C_____
p„ 1273 m5 • 2c \ T * T
and
/Mi \ = B - TdB ‘
UP/ dT
= RT (B° + ixjB1 ) - TRT /0.675T 1,6 + 0.722~>T
Pc Pc I T27^ T5-2
= RT.(0.083 + 0.139u> - 1.097 + 0.550* 
p T i . o  T
c r r




Waddington et al ( 1949, p.803- ) correlates the second virial 
coefficient for thiophene specifically as
B = -0.435 - 0.0172exp^l200j
with B expressed in liters/gmole and T in °K. As above,
/1H\ = B - TdB
U P / T dT
= -0.435 - 0.0172exp/1200\ - T(-0.0172/-1200\exp/1200
I T  ) \ t2 J V T
= -0.435 - 0.0172exp^l200j(1 + 1200j
in liters/gmole. The desired units are BTU , so to
lb psia inconvert:





Begin with the relation
l  ^  -  -  T ! f v
\ 3P / T 3 T 2 p
As in Appendix A
V = RT + B 
P
Calculation Method 1 
Since B is independent of P 
/9V \ = R + dB
V3T/p P dT
Then
= R + RT 10.675T 1,6 + 0.?22u.T *2f-3I )\ ST/ p  c c  ,p 1 pc v prs t5.2
/32 V \ 
\3T2 /
"' = RT d_/0.675T 1,6 + 0.722iuT
P T2-6 T5-2' ,
= RT /-1.756T 1,6 - 3.756uT U'2 
T573 T572
Therefore
/3Cp\ = -T/RTc /-1.756Tc1,6 - 3.756-T^-2
VSp"/T \P ^ \
= RT /1.756T 1,6 + 3-756wTt-’2




/ m  = R + dB 
Ut/? t dT
Then
(HI) = = d _  (-0.435 - 0.0172exp/1200\\
\ ) T 2 / t , dT2 dT2 J
= d (0 .0 1 7 2/1 2 00\exp (1 20 0\ 
dT \ t2 / V T /
= 20.64 ̂ -1200exp^l200jj + ^-41.28jexp^1200j
= exp^1200^24^68 - 4l.28j
Thus
/J0p\ = -T(exp/1200\Z-24768 - 41.28
VH-  /T ' 3 r  T3
= exp <1200\/24768 + 4l.28\
\ 1* / \  m3 /T^ T
in liters/gmole °K. Again we must convert to the propel 
units :
1 liter = O.OI96 BTU ^
gmole K lb_ psia Rm e
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A P P FN D TX  C
r  THF FOI I OWINO PRORRAM SOI U FS  FOR THF UAPOR PRFSSI IRE  AND
r. THF FNTHAI  PV AS A FI  IN C T I f lM  OF T F M P F R A T I IR F  AT CONSTANT P R F —
C RSI IRF OF A CHFMTCAI 11ST NR THF SOAUF MOD T F T CAT J ON OF THF
C RFDI TRH-KWONO F RIJAT T FIN OF S T A T F .
C THF R F R U T R F n  TNPIIT DATA TS ARF TH F  R F F F R F N C F  T F M P F R A T U R F .
C THF PRFRSI IRF  OF THF T S n R A R .  THF C R I T I C A I  TFMPFRATI  IRF * THF
C THF CRTT TC A I  P R F S S I I R F .  THF A C C F N T R IC  F A C T O R .  THF MOI FCII I  AR
C W F T R H T .  AND THF C O F F F T C I F N T S  OF THF T H I R D  ORDFR P O LYN OM IA L
C FORM OF T H F  TDFAI RAS HFAT C A P A C I T Y .
FI IOOOF < 7 . C 7 . C 1  > = F X P < 7 - 1  . - A l  O R ( 7 - C 7 ) - C 1 / C 7 *
*  Al OG ( < 7 + C 7  ) / 7  > )
i n n  FORMAT M H 1  . 'F N T H A I  PY C A I C I H A T I O N  FOR T H I O P H F N F ' . / / / )
7 0 0  FORMAT ( 1 X . F R . 0  . 3 F  1 4  . 7 . OX . F 1 7 . 5  . 1 OX . '  U ' . 5 X  . F 1 0  . 5  . 7 F 1 5  . 7  . F 1 3 . 2 )
SOO FORMAT M X . F B . 3 . 3 F 1 4 . 7 . 3 X . F 1 7 . 5 . 1  O X . ' I  ' . 5 X  . F J O . 5  . 7 F 1 5  . 7 . F 1 3  . 7 )
4 0 0  FORMAT ( 1 X . '  P / R A R  ' . FIX . ' T / K  ' . BX . ' H / J  MOL -  1 ' . 6 X  . ' U , CC/MOL ' . 7 X  .
*  * ROOT ' . 1 I X .  ' PHASF ' . 7 X  . 'F U R  C O F F F  ' . 7 X .  ' P / P S I A ' , 8 X .  ' T / F  ' . 7 X .  ' H / P . T I I  I 
H R - 1 ' .  / )
5 0 0  1-nRMAT C4R)
ROn FORMAT ( T X » F 1 O . 5 • 1 0 X . F 1 0 . 5 )
7 0 0  F n R M A T M  H 1 . ' I OC AT T NR THF UAPnR PRFRSI IRF  ' . / / / )
ROn FORMAT M X . ' T  TPRTMF ' . / )
SOO FORMAT M H O ,  'WHAT ARF THF U A I I I F S  FOR TH F  C O FFF  I C I F N T S  *ON H p O
1 0 0 0  FORMAT ( 1 H O .  'WHAT ARF THF U A I I I F S  FOR P C 1 . T C I . W 1 .  AND BMW > )
1 1 OO FORMAT M H O .  'WHAT TS THF R F F F R F N C F  T F M P . AND S YSTFM  P R F S B U R F ' )  
1 7 0 0  FORMAT ( 1 HO , ' T ( RFF  ) =■ ' . FR . 7  . RX . ' P ( SYS ) = ' , FB . 3  )
1 3 0 0  FORMAT ( 1 HO . ' PC 1 = ' . F 5 - 7 ,  fvV . ' T C 1 = ' , F R . 7 »
S 5 X .  'W1 -  ' . F 5 .  3 . 5 X .  'RMU = ' . F 7 . 3 )
1 4 0 0  FORMAT M H  . ' C P -  R R * T R , ' * T * * 7
4 ' . . 0 .  ' * T * * 3  ' . / )
T Y P F  SOO 
RFAD < 4 . SOO) A O . B O . C O . n O  
T Y P F  1 0 0 0  
RFAD ( 4 . SOO) P C I . T C I . W 1 . B M W  
T Y P F  M O O
RFAD ( 4 . SO O) T . P S Y S  
T Y P F  7 0 0  ; T Y P F  BOO 
R s R . S I  4 0 4
C CAI Cl II A T F  THF COMMON PARAM FTFRS FOR BOTH PHASES  
F K 1 - . 4 R O + 1 . 5 7 4 * W t — . 1 7 R * U T * U 1  
B *  . O R R R 4 * R * T C l / P C I  •
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C CALCII I  A T F  TH F  R F R I  HUAI FNTH AI  PY AT R 5 F  AND I RAR 
P - 1 . 0 1 3 7 5 .
T 1 = T
Tn = + 1
C A I  I. T R ( R . T . A , C 1 . C 7 . T C 1 . F K 1 . P C I . P . R >
c a i  i o n i R ( A . R r P . p . T . u . 7 . T n . p n r i T >
CAt I FNTTTRP < P C 1 . T C I  . R . F K 1  . T . A , R . 7 . C ? . H D F P >
H I = H D F P  
P =PR YR  
F x n - 1 . o 
T- 7 0 0 . O
n * * ■ * * ■ * * * # #  * * * * * * * * * * *
r  * * * * * * * * * * * * * * * * * * * *
r  FPnM 70  t n  71 . r f a p c h t n r  Fntv i p c a t t p i n  o f  n f g a t i o f  " r o o t "  
r  i f  " p n n T "  t r  r t . o .  t h f p f  t r  o w f  p f a i  p n n T ( o n i i i M F >
r  I F  Mwni1T " - 0 . . T H F P F  ■ APF T H P F F  PFAI  p n m  R f 001 I IM F ) . AT I FART  
r  T u n  OF WH IC H ARF FOIIA1
I' I F  •• .vnnT" TR I T .  O .  T H F P F  APF T H P FF  RF Al I . INFRIIAL ROOTS ( OOl I IMF )
r. " p n n r "  r f f f p r  t o  t h f  u a w i a p .i f i f t i k f i i  tm  r i i R p n i i t t n f  un i ip . .  .
C FOP I n -  — 1 UAPOP RFRTOM -  FOP H I - 1  I TRUTH PROTON 
r. * * * * * * * * * * * * * * * * * * * * * *
7 i)  T = - T - 5  . * *  F >:n
t n -  - 1
CAt I T R f  R . T . A . n  . C7  * TC 1 . F K 1 . PC 1 , P . P )
r.Ai i u n i R  < a . r . p .  p . r  . u *  7 . m . p h o t  i 
TF < RTIDT . OF . 0 . 0 )  ROTH n't  
I =T + %. * * r  Xll
F x n - F x n - 1
TF ( F l ' n . R T . - T .  1 OOTO 7 0  
r  TF THF PROGRAM DUFR HOT WORK. THF MOOT I IK F L Y  PRDRLFM I R
r  AN 1 tMCnPPFPT R TA P TTN O  T FM P FP A TI  IP.r , AU.IMRT T AT R T A T F M F N T  71 OP 7 0
71 T = T — 1 . O
r  * * * * * * * * * * * * * * * * * * * *
r  FPflM 7 7  TO 5 .  RFARCHTNO FOP THF OAPOP PPFRRI IRF 
7 7  I D - - 1
r.AI I TR ( P.. T . A • r  1 . C 7 . T C 1 . 1 K 1 . PC 1 . P , P > 
c a i  i o n  ip. ( A , R . p . p . T .  0 . 7 , i n ,  p n n T  > 
p i  o = F i i n r n F ( 7 * C 7 . C i  )
7 0  = 7 
0 0  = 0  
i n  = + i
CAI I o n  IP. ( A , R » P , P . T . 0 . 7 . T D .  R n n T  ) 




T PR T MF = C ( P / B n .  1 4 R 4 T *  ( U l . - W )  ) /  ( Al OH ( P 1 U / P 1L ) ♦  ( Z L - 7 V  > )
TF < A P . R ( T - T P R T M F  > .1 T . O . O O I  > HOTO S
T VPF  R O O . T . T P R T M F
HFI T -  T - T P R  T MF
T = T —( D F I T / 1 0 . )
n n T n  7 7
r* T RATO = T
TRATI  = TRATU  
r  *  *•»■*■»•** *■#■&**■»•■*****#■*
T YPF  1 7 0 0 .  T 1 . PRYR 
t y p f  1 n o n , p n  . m i * wt  *p.mu 
T Y P F  14 0 0 * A O . R O . r o . no  
t y p f  t o o
TYPF 4 0 0  
K -  1
"I - 7 0 0  . O
•to f'Ai i i  k ( r , t , a . r  1 , n 7 .  t  n  , f k  i . p r i  . p , r  )
IF  < 1 . 0 1 .  TRATU > 1 n - “ 1
TF < T . FfJ . ( T R A T U - H  . o ) . AMO . T H . FR . -  1 ) 10=1
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